Rationale: Oxidative stress is a key contributor in chronic obstructive pulmonary disease (COPD) pathogenesis caused by cigarette smoking. NRF2, a redox-sensitive transcription factor, dissociates from its inhibitor, KEAP1, to induce antioxidant expression that inhibits oxidative stress. Objectives: To determine the link between severity of COPD, oxidative stress, and NRF2-dependent antioxidant levels in the peripheral lung tissue of patients with COPD. Methods: We assessed the expression of NRF2, NRF2-dependent antioxidants, regulators of NRF2 activity, and oxidative damage in non-COPD (smokers and former smokers) and smoker COPD lungs (mild and advanced). Cigarette smoke-exposed human lung epithelial cells (Beas2B) and mice were used to understand the mechanisms. Measurements and Main Results: When compared with non-COPD lungs, the COPD patient lungs showed (1) marked decline in NRF2-dependent antioxidants and glutathione levels, (2) increased oxidative stress markers, (3) significant decrease in NRF2 protein with no change in NRF2 mRNA levels, and (4) similar KEAP1 but significantly decreased DJ-1 levels (a protein that stabilizes NRF2 protein by impairing KEAP1-dependent proteasomal degradation of NRF2). Exposure of Bea2B cells to cigarette smoke caused oxidative modification and enhanced proteasomal degradation of DJ-1 protein.
The severity of chronic obstructive pulmonary disease (COPD) is defined by progressive airflow limitation, caused by advanced obstruction of the smaller conducting airways by mucus and/or emphysematous destruction of the lung (1, 2) . Both cause progressive reduction in the volume of air leaving the lungs in the first second of forced expiration, known as FEV 1 (2) . COPD has become a global epidemic and is likely to become the third largest cause of death worldwide by 2020 (3) . Cigarette smoking represents the major risk factor for COPD (4) , but factors such as air pollution and infections contribute to its pathogenesis as well (5) . Given that only 20% of cigarette smokers develop COPD, genetic factors and environmental modifiers may contribute significantly to its development (6) . Oxidant-antioxidant imbalance in lungs has been strongly implicated in COPD severity and resistance to corticosteroids (7, 8) . Strong epidemiologic and genetic evidence indicates that an individual's ability to defend against cigarette smoke-induced oxidative stress through up-regulation of lung antioxidant defenses, representing it as a critical event in COPD pathogenesis (9) .
Nuclear factor erythroid 2-related factor 2 (NRF2) is a central transcription factor that regulates the antioxidant defense system and acts as a modifier of several lung diseases that involve oxidative stress and inflammation. NRF2 deletion provided the first evidence of a direct link between the regulation of antioxidant genes and alveolar destruction in the cigarette smokeinduced emphysema in a murine model (10) . Second, NRF2 has an overarching protective role in several lung inflammatory
AT A GLANCE COMMENTARY Scientific Knowledge on the Subject
Chronic obstructive pulmonary disease (COPD) remains a major killer with no effective therapy. Host ability to defend the cigarette smoke-induced oxidative stress by upregulating lung antioxidant defenses may be one of the critical events that determines the severity and progression of COPD.
What This Study Adds to the Field
The decline in NRF2-mediated antioxidant transcriptional program in COPD patient lungs is due to decreased NRF2 protein stability. NRF2 may be an important therapeutic target for intervention in the pathogenesis of COPD.
diseases because it increases sensitivity of NRF2-disrupted mice to allergen-induced asthma (11, 12) , bacterial lipopolysaccharideinduced sepsis (13) , hyperoxia-induced acute injury (14) , ventilation-induced acute lung injury (15) , and diesel exhaust-induced DNA damage (16) . Finally, recent evidence suggests that selective inactivating mutations in the NRF2 inhibitor, Kelchlike ECH-associated protein 1 (KEAP1), enhances NRF2-directed constitutive expression of multiple antioxidants and xenobiotic-detoxification genes that endows non-small cell lung cancer (NSCLC) tumors with selective survival advantage and chemoresistance (17) .
Chronic lung oxidative damage caused by tobacco smoking is a key contributor in the pathogenesis of COPD, which includes extracellular matrix remodeling, mucus hypersecretion, heightened apoptosis with impaired cell repair and proliferation, and persistence of lung inflammation. We propose that the suboptimal NRF2-regulated antioxidant defense in COPD patient lungs accounts for the greater oxidant-antioxidant imbalance. We observed decreased NRF2 protein stability due to a decrease in expression of its stabilizer, DJ-1 protein. This decreased stability leads to decreased expression of key antioxidant enzymes, which protect the lungs against oxidative stress associated with COPD pathogenesis. This study delineates the evidence for decreased NRF2 transcriptional activity with worsening COPD and suggests a novel target for drug development based on ameliorating oxidant-antioxidant imbalance in this disease. Parts of this study have been previously reported in the form of an abstract (18) .
METHODS Participants for NRF2 Pathway Expression Studies
Frozen peripheral lung tissue samples used in this study were obtained from three tissue banks: (1) the NHLBI Lung Tissue Research Consortium (University of Colorado Health Sciences Center, Denver, CO); (2) the iCAPTURE (James Hogg iCAPTURE Centre for Cardiovascular and Pulmonary Research, St. Paul's Hospital, University of British Columbia, Vancouver, BC, Canada); and (3) the tissue bank in the Division of Cardiopulmonary Pathology, Department of Pathology, Johns Hopkins School of Medicine (Baltimore, MD). We obtained data on patients' lung function from established patient registries. The subjects from whom tissues were obtained were staged preoperatively for severity of COPD according to the guidelines of the Global Initiative for Obstructive Lung Disease (GOLD). The non-COPD population (26 samples with 11 former smokers and 15 current smokers) had normal spirometric lung function performance and no evidence of COPD (Table 1) . Groups for COPD lungs included GOLD stages 1 and 2 (GOLD 1-2) and GOLD stages 3 and 4 (GOLD 3-4) on the basis of lung function tests. Participants in the COPD groups who smoked had similar pack-year smoking histories, where smoking for 1 pack-year refers to smoking one pack of cigarettes per day each year. We acquired approved study protocols by the institutional review boards for human studies in each of the contributing centers. We obtained written, informed consent from all participants at the time of sample collection.
In Vitro Studies
For in vitro studies, human lung epithelial cells, Beas2B cells obtained from the American Type Culture Collection (Manassas, VA), were cultured under recommended conditions. Cigarette smoke extract (CSE) (dissolved in dimethyl sulfoxide [DMSO], 40 mg/ml total particulate matter, nicotine content of 6%; kept at -808C) was purchased from Murty Pharmaceuticals (Lexington, KY). DJ-1 small interfering RNA (siRNA) (on-target plus SMARTpool siRNA [L-005984-00-0020]), KEAP1 siRNA (D-041104-01), and nontargeting control siRNA (D-001210-02) were obtained from Dharmacon Research (Lafayette, CO). Immortalized mouse embryonic fibroblasts (MEFs) were established from the embryos of DJ-1 knockout C57Bl/6 mice and wild-type littermates and were grown in Dulbecco's modified Eagle medium supplemented with 10% fetal calf serum (19) .
To assess whether cigarette smoke exposure causes oxidative modification and decline in DJ-1 protein levels, Beas2B cells were treated with 250 mg/ml CSE. DJ-1 protein levels were measured in the cell lysates at 6, 24, and 48 hours by immunoblot analysis using anti-DJ-1 antibody (Novus Biologicals, Inc., Littleton, CO). IL-8 levels were also measured at the same time in the culture media as a marker of inflammatory stress. To analyze oxidative modifications, DJ-1 protein was immunoprecipated (anti-DJ-1 antibody, NB100-2272; Novus Biologicals, Inc.) followed by immunoblotting with anti-2,4-dinitrophenol (DNP) antibody for protein carbonyls (20) or antioxidized DJ-1 antibody against oxidized Cys106 in DJ-1 protein (DS-MB-01176; RayBiotech, Inc., Norcross, GA) (21) . For assessing carbonyl modification of DJ-1 protein, we used an Oxyblot protein oxidation detection kit (S7150) from Chemicon International (Temecula, CA) as per the manufacturer's instructions.
To determine if CSE treatment enhances proteasomal degradation of DJ-1 protein due to oxidative modifications, Beas2B cells were preor post-treated with a proteasomal inhibitor, MG132 (15 mM), and CSE. For the pretreatment group, Beas2B cells were pretreated with MG132 4 hours before the application of CSE (250 mg/ml) for 6, 24, and 48 hours. For the 48-hour time point, we repeated MG132 pretreatment at 24 hours for 4 hours followed by reincubation with CSE alone for an additional 20 hours. DJ-1 protein levels were measured at 6, 24, and 48 hours by immunoblot analysis. Similarly, to determine if exogenous antioxidant treatment attenuates decline in DJ-1 protein levels in response to CSE, Beas2B cells were pre-or post-treated with N-acetyl cysteine (NAC; 10 mM) and CSE following the same protocol as described above for MG132 cotreatments. DJ-1 and NRF2 protein levels were measured at 6, 24, and 48 hours by immunoblot analysis.
siRNA Studies
Beas2B cells were transfected with DJ-1 (20 nM) or control siRNA (20 nM) using Lipofectamine 2000 from Invitrogen (Carlsbad, CA) following the manufacturer's protocol. We treated these cells either with vehicle (DMSO) or with 100 mg/ml CSE 48 hours after transfection. For proteasomal inhibition studies, cells transfected with siRNA were pretreated with the proteasomal inhibitor MG132 (15 mM) for 4 hours. After 12 hours of CSE exposure, cells were harvested for total RNA or total protein extraction. We further quantified NRF2 transcriptional activity by a luciferase reporter assay. For this, Beas2B cells stably transfected with NADPH:quinone oxidoreductase 1 (NQO1)-ARE (antioxidant response element)-luciferase reporter plasmid were generated as described previously (17) . Luciferase activity was measured in DJ-1 siRNA or in control siRNA-transfected Beas2B cells followed by 12 hours of CSE or DMSO exposure using a luciferase assay kit (Promega, Madison, WI) as per the manufacturer's instructions. The luciferase activity between the treatment groups was normalized against protein concentrations measured using a Biorad DC reagent (Bio-Rad, Irvine, CA).
To investigate if NRF2 activity could be up-regulated in DJ-1-disrupted cells, DJ-1-deficient and wild-type MEFs, established from the embryos of DJ-1 knockout C57Bl/6 mice and wild-type littermates (19) , were treated with CSE after 36 hours of transfection with KEAP1 siRNA (20 nM) or control siRNA (20 nM). We also used a small- molecule activator of NRF2, 1-isothiocyanato-4-methylsulfinylbutane (or sulforaphane), which modifies KEAP1 protein (22) . Modification of KEAP1 protein by sulforaphane leads to nuclear translocation of NRF2, resulting in transcriptional induction of antioxidant genes (23) . For testing the potency of sulforaphane to restore NRF2 activity, we treated MEFs as well as Beas2B cells transfected with DJ-1 or control siRNA with sulforaphane (5 mM) pre-and post-CSE challenge.
In Vivo siRNA Studies
Male mice (CD-1 strain, 8-10 wk) were intratracheally administered with two doses (20 mg/mouse in 50 ml of saline) of DJ-1 siRNA or control siRNA 24 hours apart. We divided the mice into four groups (n 5 5/ group): control DJ-1 siRNA, experimental DJ-1 siRNA, control siRNA, and experimental control siRNA. Twenty-four hours after the last dose of siRNA, an experimental group was exposed to cigarette smoke for 6 hours by burning 2R4F reference cigarettes (2.45 mg nicotine per cigarette; purchased from the Tobacco Research Institute, University of Kentucky, Lexington, KY) using a smoking machine (model TE-10; Teague Enterprises, Davis, CA) as described in our previous publication (10) . The control groups were housed in a filtered-air environment. Immediately after the cigarette smoke exposure, mice were killed and lung tissues were isolated. The left lung was used for RNA extraction, whereas the right lung was used for protein extraction. We performed all experimental protocols conducted on the mice in accordance with National Institutes of Health guidelines and protocols were approved by the Johns Hopkins University Animal Care and Use Committee.
Quantitative Real-Time Polymerase Chain Reaction
Total RNA was extracted from tissue or cells using the Qiagen RNeasy kit (Qiagen Corporation, Valencia, CA) and reverse transcription was performed by using random hexamers and MultiScribe reverse transcriptase according to the manufacturer's recommendations (Applied Biosystems, Foster City, CA). Quantitative real-time polymerase chain reaction analyses (QRT-PCR) of human NRF2, NQO1, heme oxygenase 1 (HO1), glutamate-cysteine ligase, modifier subunit (GCLM), KEAP1, and DJ-1, as well as mouse NRF2, NQO1, HO1, and DJ-1, were performed by using Assay-on-Demand primers and probe sets from Applied Biosystems. We used the ABI 7000 Taqman system (Applied Biosystems) to perform these assays. We used b-actin for normalization.
Immunoblot Analysis
For protein extraction, lung tissues or cells were homogenized in RIPA (radioimmunoprecipitation assay) buffer with protease inhibitors and dithiothreitol. Homogenates were centrifuged for 15 minutes (14,000 rpm, 48C), and supernatant was used for protein quantification. Immunoblots were performed using antibodies for NRF2 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), NQO1 (Novus Biologicals, Inc.), HO1 (abCAM Corp., Cambridge, MA), GCLM (24), KEAP1 (Santa Cruz Biotechnology, Inc.), and DJ-1 (Novus Biologicals, Inc.). We used glyceraldehyde phosphate dehydrogenase (GAPDH; Santa Cruz Biotechnology, Inc.) as the loading control. All immunoblots were performed using protocols as described previously (17, 25) .
Total Glutathione Assay
Total glutathione (GSH) was determined using a modified Tietze method by measuring reduction of 5,59-dithiobis(2-nitrobenzoic acid) in a glutathione reductase (GSR)-coupled assay (26) .
Thiobarbituric Acid-reactive Substances Assay
Thiobarbituric acid-reactive substances (TBARS), as a measure of lipid peroxidation, were assessed by the method of Ohkawa and colleagues (27) .
IL-8 ELISA Assay
We measured IL-8 levels in Beas2B cells after CSE treatments using an ELISA assay kit (BD Biosciences, Franklin Lakes, NJ). We treated Beas2B cells with 250 mg/ml CSE for 6, 24, and 48 hours to induce oxidative stress. The culture medium was used for measuring IL-8 secretion according to the manufacturer's instructions.
Statistical Analysis
Medians, interquartile ranges, and scatter plots were used to describe the data from COPD groups (non-COPD, GOLD 1-2, GOLD 3-4). The mRNA and protein expression data of NRF2, NQO1, GCLM, HO1, KEAP1, and DJ-1 levels in human tissues were log 2 transformed for statistical analyses. For each of them, the age-and sex-adjusted ratio and its 95% confidence interval comparing GOLD 1-2 and GOLD 3-4 to non-COPD samples were estimated using linear regression models on log 2 -transformed mRNA and protein levels. We used scatter plots to graphically display and Spearman's correlation coefficients to statistically evaluate the relationships of NRF2 mRNA and DJ-1 mRNA with NRF2 transcriptional targets and for the relationships of FEV 1 :FVC with NRF2 pathway gene expression.
RESULTS

Decline in the Expression of NRF2-regulated Antioxidant Genes in the Lungs of Patients with Advanced COPD
To examine the involvement of the NRF2 pathway in human COPD, we first compared the expression of NRF2-regulated antioxidant genes as well as the mRNA for NRF2 in non-COPD lungs versus lungs with mild (GOLD 1-2) and advanced (GOLD 3-4) COPD. The clinical and demographic characteristics of the study participants are presented in Table 1 . QRT-PCR analysis revealed notable depletion in the expression of NRF2-regulated antioxidant genes NQO1, HO1, and GCLM in COPD lungs as compared with non-COPD lungs ( Figure 1A ; Table E1 of the online supplement). As compared with non-COPD lungs, the mRNA relative fold changes in GOLD 1-2 and GOLD 3-4 lungs were 0.42 and 0.30 for NQO1 (P value , 0.0001) and 0.30 and 0.25 for GCLM (P value , 0.0001), respectively; whereas they were 0.58 and 0.27 for HO1, with a significant decline in GOLD 3-4 lungs (P value , 0.0001) ( Figure 1A ; Table E1 ). Decline in the expression of NRF2-dependent antioxidant pathway genes was restricted to the lungs of patients with COPD, but not those of the non-COPD smoker group, supporting a relationship with COPD rather than an effect of smoking alone. In contrast to expression of NRF2-regulated target genes, we found no statistically significant differences in the expression of NRF2 mRNA between non-COPD and COPD lungs after adjusting for age and sex ( Figure 1A ; Table E1 ).
Correlation analysis showed positive relationships between the FEV 1 :FVC ratio with the NRF2 targets NQO1 mRNA (r 5 0.65, P value , 0.001), GCLM mRNA (r 5 0.69, P value , 0.001), and HO1 mRNA (r 5 0.65, P value , 0.001) ( Figure  1B ). In contrast, there was no correlation of NRF2 mRNA with the FEV 1 :FVC ratio in our patient sample population ( Figure  1B ). Taken together, our data underscore NRF2 activity as a susceptibility factor in development of COPD.
Decline in Protein Levels of NRF2 and Its Target Antioxidants in Severe COPD Patient Lungs
We measured the protein levels of NRF2 and its antioxidant targets HO1, NQO1, and GCLM in six non-COPD (5 smokers and 1 ex-smoker) and nine advanced COPD (GOLD 3-4) (6 smokers and 3 ex-smokers) lungs. Unlike NRF2 mRNA levels, the NRF2 protein levels were severely decreased in the advanced COPD lung homogenates as compared with non-COPD lungs (ratio, 0.04; P value , 0.0001) ( Figure 1C ; Table E1 ). In corroboration with the levels of NRF2 protein, the expression of NQO1, GCLM, and HO1 proteins also showed a dramatic decline in advanced COPD lungs as compared with non-COPD lungs ( Figure 1C ; Table E1 ). Immunoblot analysis of NRF2 and its target antioxidants in lungs of subjects without COPD (n 5 6) (n 5 5 smokers and n 5 1 ex-smoker) and subjects with advanced COPD (n 5 9) (n 5 6 smokers and n 5 3 ex-smokers). The blots were normalized with GAPDH (glyceraldehyde phosphate dehydrogenase) as the loading control.
Advanced COPD Lungs Have a Significant Decline in DJ-1, a Positive Regulator of NRF2 Activity
We have shown that lung cancer cell lines have increased NRF2-dependent antioxidant defenses due to inactivating mutations of the NRF2 negative regulator KEAP1 (17) . To understand the underlying mechanism for the decrease in the levels of NRF2 protein in patients with advanced COPD, we first measured the expression of KEAP1, a cytoplasmic inhibitor of NRF2. Both mRNA and protein expression of KEAP1 showed no significant differences between COPD and non-COPD tissues (Figures 2A and 2B ; Table E1 ). Because there was a decline in NRF2 protein without any differences in the level of KEAP1, we determined the levels of DJ-1, which stabilizes NRF2 protein by interfering with KEAP1-mediated proteasomal degradation (19) . Expression of DJ-1 mRNA (Figure 2A ; Table E1 ) showed a marked decline in both GOLD 1-2 (relative fold change, 0.71) and GOLD 3-4 (relative fold change, 0.43) as compared with non-COPD lungs (P value , 0.0001). In corroboration with mRNA levels, a significant reduction in DJ-1 protein expression was observed in the lungs of patients with advanced COPD as compared with non-COPD lung tissues ( Figure 2B ; Table E1 ).
Levels of DJ
, P value , 0.001), and HO1 (r 5 0.59, P value , 0.001) ( Figure 2C ). In addition, expression of the DJ-1 gene also showed good correlation with decline in lung function (FEV 1 :FVC ratio) (r 5 0.69, P value , 0.001) ( Figure 2D ).
Advanced COPD Lungs Show Low GSH Levels and High Lipid Peroxidation Markers
We have previously shown that NRF2 protects from cigarette smoke-induced lung oxidative damage by up-regulating several cytoprotective genes, including GSH biosynthetic enzymes GCLM and GCLC (10) . Because advanced COPD lungs and worse lung function were associated with a substantial decline in NRF2 transcriptional activity, we measured total GSH levels and lipid peroxidation as markers of oxidative stress in six non-COPD smoker and nine advanced COPD smoker (GOLD 3-4) lung samples as used for immunoblots. As compared with non-COPD lungs, advanced COPD lungs showed an approximately 90% reduction in the total GSH levels (P value , 0.005) ( Figure 3A ; Table E1 ). In concordance with this finding, lipid peroxidation (as measured by TBARS assay) was approxi- mately 94% higher (P value , 0.0001) in advanced COPD patient lungs when compared with non-COPD lungs ( Figure  3B ; Table E1 ). Taken together, NRF2-dependent antioxidants inversely correlate with oxidative stress in advanced COPD lungs.
DJ-1 siRNA Attenuated Cigarette Smoke-induced NRF2 Activity and Antioxidant Gene Expression in Mouse Lungs
To corroborate our COPD human lung tissue observation in a relevant in vivo model, CD-1 mice were treated with either DJ-1 siRNA or control siRNA and exposed to cigarette smoke for 5 hours. DJ-1 siRNA treatment significantly decreased expression levels of DJ-1 mRNA in both basal and cigarette smoke-exposed lungs. Although cigarette smoke exposure induced DJ-1 expression in the lungs of control siRNA-treated mice, it failed to do so in DJ-1 siRNA-treated mouse lungs ( Figures 4A and 4B) . We observed up-regulation of mRNA as well as protein levels of NRF2 by cigarette smoke exposure, with no difference between control siRNA-and DJ-1 siRNAtreated mouse lungs ( Figures 4A and 4B ). On the other hand, we observed attenuated induction of NQO1 and GCLM by cigarette smoke in the lungs of DJ-1 siRNA-treated mice as compared with control siRNA-treated mice ( Figures 4A and  4B ). Therefore, these in vivo studies suggest that lack of DJ-1 decreases NRF2 protein levels and impairs NRF2-mediated transcriptional activity during oxidative stress. Oxidative stress markers in the lungs of subjects without and with chronic obstructive pulmonary disease (COPD). (A) There was a significant decline in the levels of total glutathione (GSH) in advanced COPD lungs as compared with non-COPD lungs. (B) Levels of thiobarbituric acid-reactive substances (TBARS; marker of lipid peroxidation) were significantly elevated in advanced COPD lungs as compared with non-COPD lungs. The data were plotted as median 6 interquartile range. Advanced COPD (GOLD3-4) patient lungs (n 5 9) (n 5 6 smokers and n 5 3 exsmokers); non-COPD control lungs (n 5 6) (n 5 5 smokers and n 5 1 ex-smokers). *P value , 0.001, significant when compared with non-COPD lungs. GOLD 5 Global Initiative for Chronic Obstructive Lung Disease. , and NQO1 in lungs of mice treated with DJ-1 siRNA or control siRNA 5 hours after cigarette smoke exposure. GADPH (glyceraldehyde phosphate dehydrogenase) was used as the loading control. The experiments were conducted in n 5 5 mice/group. The represented immunoblot shows one mouse/ group. *Significant when compared with air group, P value , 0.001. CS 5 cigarette smoke; RFC 5 relative fold change.
CSE Treatment Causes Decline in DJ-1 Protein in Beas2B Cells
Numerous studies have demonstrated increased sensitivity of DJ-1 to oxidative stress-induced oxidative modifications that destabilizes and decreases functional DJ-1 protein (28, 29) . Similar to these reports, we observed that oxidative stress induced by sustained CSE exposure in human lung epithelial Beas2B cells resulted in progressive decline in DJ-1 protein levels ( Figure 5A ). CSE treatment showed no cytotoxicity (data not shown) and induced a time-dependent increase in IL-8 levels in culture media ( Figure E1 ). Although we observed significant induction in DJ-1 expression at 6 hours when compared with vehicle treatment, it decreased at later time points. The decline in DJ-1 was greater at 48 hours as compared with 24 hours (Figures 5A, 5D , and 5E). DJ-1 exists as a homodimeric protein and migrates on sodium dodecyl sulfate (SDS) polyacrylamide gels as a 20-kD monomer. However, oxidative modifications, particularly carbonylation of DJ-1, have been reported to generate an SDS-resistant DJ-1 dimer with an apparent molecular mass of 39 kD (20) . In contrast to DJ-1 monomeric form, we also found a significant increase in SDSresistant DJ-1 dimer in a time-dependent manner after CSE treatment ( Figure 5A ). Similarly, CSE treatment also induced a time-dependent increase in carbonylation of DJ-1 protein ( Figure 5B) . Furthermore, immunoblotting with antioxidized DJ-1 antibody that specifically recognizes oxidized cysteine residue 106 (Cys106) of DJ-1 (21) also showed greater levels of oxidized DJ-1 in Beas2B cells after continuous CSE treatment ( Figure 5C ). We determined if exogenous antioxidant treatment inhibits decline in the levels of DJ-1 after CSE treatment. NAC pretreatment significantly attenuated decline in DJ-1 protein levels at 24 and 48 hours when compared with CSE alone (Figures 5D and 5E) . Furthermore, addition of NAC 24 hours after CSE treatment also significantly inhibited the reduction of DJ-1 protein expression at 48 hours when compared with CSE alone. Consistent with DJ-1 expression, NRF2 protein also decreased at 24 and 48 hours after CSE treatment in Beas2B cells that were attenuated by NAC treatment ( Figure E2 ). We further examined whether oxidative modifications of DJ-1 by CSE promote its degradation through the proteasomal pathway. Proteasomal inhibition in Beas2B cells by MG132 pretreatment before CSE exposure resulted in significantly elevated levels of DJ-1 at 24 and 48 hours as compared with CSE treatment alone. Furthermore, addition of MG132 at 24 hours after CSE posttreatment for 4 hours also resulted in greater levels of DJ-1 at 48 hours when compared with CSE alone (Figures 5D and 5E ). Together, these results suggest that cigarette smoke exposure causes enhanced degradation of DJ-1 protein due to accumulating oxidative damage.
Loss of NRF2 Stability and NRF2-dependent Transcriptional Activity in Human Lung Epithelial Cells by DJ-1 Gene Knockdown in Response to CSE
To decipher the mechanism of DJ-1 in regulating NRF2-mediated transcriptional activity in lungs, normal human lung epithelial cells (Beas2B) were transfected with DJ-1 siRNA or control siRNA. As compared with control siRNA, expression of DJ-1 (mRNA and protein) was significantly reduced by DJ-1 siRNA (Figures 6A and 6B) . However, basal mRNA levels of NRF2, NQO1, and GCLM, as well as protein levels of NRF2 and NQO1, showed no change between DJ-1 siRNA and control siRNA treatments ( Figures 6A and 6B) .
We further treated DJ-1 or control siRNA-transfected Beas2B cells with CSE (100 mg/ml) to study the effect of oxidative stress. In response to CSE, we observed significant induction in DJ-1 mRNA and protein only in control siRNA-treated cells ( Figures 6A and 6B) . Similarly, mRNA and protein levels of NRF2 showed a significant increase after CSE treatment in control siRNA-but not DJ-1 siRNA-transfected cells ( Figures  6A and 6B) . CSE treatment also led to an induced expression of NQO1 and GCLM mRNA and NQO1 protein with control siRNA but failed to do so in DJ-1 siRNA-treated cells ( Figures  6A and 6B) .
In the same experiment, cotreatment of DJ-1 siRNA-transfected Beas2B cells with MG132 (a proteasomal inhibitor) and CSE restored NQO1 and GCLM expression by stabilizing NRF2 protein (Figures 6A and 6B) . These results suggest that, under oxidative stress conditions, DJ-1 stabilizes NRF2 protein by interfering with proteasomal degradation and enhances cellular NRF2-dependent antioxidants.
Similarly, DJ-1-deficient MEFs showed an impaired ability to up-regulate NRF2, NQO1, and GCLM gene expression when compared with wild-type MEFs in response to CSE ( Figure 6C ). Previously, we have shown that, in response to cigarette smoke exposure, NRF2-deficient mouse lungs showed impaired ability to up-regulate NQO1 and GCLM, suggesting that in the absence of NRF2, DJ-1, by itself, is incapable of up-regulating antioxidant genes.
Furthermore, we observed an increase in inducible luciferase activity using an NQO1-ARE-luciferase reporter assay in CSEtreated control siRNA-treated Beas2B cells as compared with vehicle (DMSO). On the other hand, there was no significant induction in DJ-1 siRNA-transfected Beas2B cells as compared with vehicle (DMSO). Similar to the antioxidant gene expression, we saw a recovery in reporter activity after CSE treatment in DJ-1 siRNA-transfected cells pretreated with the proteasomal inhibitor MG132 as compared with CSE treatment alone ( Figure 6D ).
Targeting KEAP1 by siRNA and/or the NRF2 Activator Sulforaphane Restores NRF2-dependent Antioxidant Defenses in DJ-1-disrupted MEFs and Human Lung Epithelial Cells KEAP1 functions as an adaptor for Cul3-based E3 ligase and targets NRF2 protein to proteasomal degradation (30) . Genetic ablation of KEAP1 stabilizes NRF2 protein and increases NRF2-mediated transcriptional activity (31) . Because a proteasomal inhibitor restored the NRF2 transcriptional activity in DJ-1-disrupted Beas2B cells in response to CSE, we next investigated if disrupting KEAP1 interaction with NRF2 restores the ability of DJ-1-deficient cells to up-regulate NRF2-mediated antioxidant defenses. We used two different approaches to disrupt KEAP1-NRF2 association: (1) KEAP1 siRNA and (2) the small-molecule NRF2 activator sulforaphane. Sulforaphane is an isothiocyanate that stabilizes NRF2 by forming a KEAP1-sulforaphane thionoacyl adduct (32) that induces antioxidant genes (23) . When compared with control siRNA, KEAP1 siRNA transfection significantly up-regulated NQO1 and GCLM gene expression in DJ-1-deficient MEFs, which was comparable to wild-type MEFs ( Figure 7A ) with or without CSE treatment. Similarly, in response to sulforaphane treatment, DJ-1 siRNA-transfected Beas2B cells as well as DJ-1-deficient MEFs showed significant induction of NQO1 and GCLM transcripts that was comparable to wild-type MEFs and control siRNA-transfected Beas2B cells, respectively (Figures 7B and 7C ). In addition, treatment with sulforaphane for 12 hours post-CSE exposure also significantly up-regulated NQO1 and GCLM gene expression in DJ-1-deficient MEFs as well as in DJ-1 siRNA-transfected Beas2B cells, which was partially comparable to wild-type MEFs and control siRNAtransfected Beas2 cells, respectively.
DISCUSSION
Previously, we reported that the deficiency of NRF2 increases sensitivity of resistant CD-1 strain mice to cigarette smokeinduced emphysema. NRF2-deficient emphysematous lungs were characterized by impaired induction of antioxidant defenses, higher inflammation, increased oxidative damage, and apoptosis of epithelial and endothelial cells (10, 33) . We report for the first time a close correlation of decline in the NRF2 antioxidant defense pathway in peripheral lung tissue and airflow obstruction in the lungs of patients with advanced COPD. In addition, advanced COPD lungs were associated with higher levels of TBARS. The decline in NRF2 activity in the COPD lungs as compared with non-COPD lungs was due to marked reduction in NRF2 protein levels, with no significant change in NRF2 mRNA levels. We observed significantly decreased expression of DJ-1 in COPD lungs and provided in vitro and in vivo supporting evidence that lower NRF2 protein stability in COPD lungs may be a result of loss of DJ-1 (Figure 8) .
Although knowledge of the pathogenesis of emphysema has revolved around the interplay of inflammation and proteaseantiprotease imbalance, there have been no inroads in the development of therapeutic targets for this irreversible and progressive disease. Oxidative stress directly associates with COPD pathogenesis and therefore is an attractive target for biomarker development and potential therapies. Epidemiologic studies indicate that a diet rich in antioxidants might partially protect from FEV 1 decline in individuals with genetically determined low antioxidant response (34) . Patients with COPD show significant depletion of lung GSH biosynthesizing enzymes (GCLM and GCLC) (35) , decreased GSH levels in bronchoalveolar lavage fluid, and markedly higher levels of oxidative stress markers in breath condensate when compared with healthy smokers, and these levels are increased even further during exacerbations (36) . Mouse studies have also demonstrated that oxidative stress enhances cigarette smokeinduced emphysema (10, 37) .
NRF2 is the primary transcription factor that mediates transcriptional regulation of numerous antioxidant genes (including GCLM, GCLC, HO1, NQO1) by binding to the ARE element present in the promoters of these genes (38) (39) (40) . Disruption of NRF2 in mice ablates the expression of these antioxidants and exacerbates oxidative damage and emphysema induced by cigarette smoke exposure and elastase treatment (10, 41) . Polymorphisms in antioxidant genes, such as glutathione S-transferases (variants M1, P1 [42] ) and HO1, have been associated with rapid decline in FEV 1 (43) . In the present study, our main objective was to investigate whether decline in NRF2-regulated antioxidant defenses in lung tissue contributes to higher oxidative damage and severity of COPD. We observed a significant decline in NRF2-regulated antioxidant defenses (HO1, GCLM, and NQO1) and a greater degree of oxidative damage in peripheral lung tissues of patients with COPD as compared with lungs of patients without COPD. Peripheral lung tissue is heterogeneous but predominantly consists of epithelial and endothelial cells. Alveolar macrophages and neutrophils are the other subset of cells present in lesser numbers in peripheral lung tissue and they play a key role in the pathogenesis of COPD by secreting proteases (matrix metalloproteinases). We recognize that there remains a possibility that macrophages and other inflammatory cells may also present a similar decline in the NRF2 pathway during the progression of COPD. Our present work focuses on lung tissues only. However, unlike the resident epithelial cells, macrophages and neutrophils are a migratory population and have a varying tissue half-life. Therefore, oxidative damage in bronchial and alveolar epithelium is more pronounced when compared with oxidative damage in macrophages and neutrophils during the pathogenesis of COPD (44) . Furthermore, levels of 4-HNE (4-hydroxy-2-nonenal), a marker of oxidative damage in bronchial and alveolar epithelium, have been shown to significantly correlate with FEV 1 levels (44) .
Cigarette smoking is the common etiologic factor for lung cancer and COPD. Previously, in lung cancer samples, we reported greater levels of NRF2 protein and the NRF2-mediated transcriptional program as a result of a functional loss of the negative regulator KEAP1 due to nonsense mutations (17) . The current study revealed a significant decline in NRF2 protein in COPD lung tissue, whereas there were no differences in the levels of NRF2 mRNA or KEAP1 protein between COPD lungs and non-COPD lungs. Interestingly, we discovered a significant decrease in the expression of DJ-1 in advanced COPD lungs that showed a strong correlation with decline in the NRF2 antioxidant defense pathway and lung function (FEV 1 :FVC). Upon oxidative stress, DJ-1 has been shown to undergo irreversible oxidative modification, leading to its inactivation and rapid degradation (20, 21, 28, 29) . In addition, studies have reported a dramatic increase in DJ-1 oxidative modification with age in flies, mice, and humans (28) . Consistent with this notion, our in vitro studies using Beas2B cells demonstrate that CSE treatment causes a significant increase in oxidation of DJ-1 protein, which hastens its proteasomal degradation. In addition, an antioxidant (NAC) and a proteasomal inhibitor (MG132) both inhibited decline in DJ-1 levels in response to CSE treatment. On the basis of these observations, we speculate that cigarette smoke-induced oxidative modification of DJ-1 may have led to its rapid degradation in COPD lungs. Although the exact physiologic role of DJ-1 is presently unclear, several studies have demonstrated that DJ-1 is protective against Parkinson disease, ischemia reperfu- hours. *Significant when compared with the DJ-1-disrupted group with similar treatment, P value , 0.001; † significant when compared with dimethyl sulfoxide (DMSO) treatment, P value , 0.001; and ‡ significant when compared with CSE treatment, P value , 0.001. RFC 5 relative fold change.
sion, and stroke-induced damage by attenuating oxidative stress (45) (46) (47) . More recently, Clements and coworkers reported that DJ-1 may mediate its antioxidant effects by the NRF2 pathway (19) . Disruption of DJ-1 decreased NRF2 protein stability, whereas overexpression of DJ-1 restored protein stability by decreasing ubiquitination of NRF2 (19) . Similarly, we found that disruption of DJ-1 lowers NRF2 protein levels and impairs NRF2 transcriptional activity in normal lung epithelial cells, MEFs, and mouse lungs in response to cigarette smoke. Further studies in Beas2B cells revealed that decrease in NRF2 protein levels was due to enhanced degradation by the proteasomal system. Several studies have reported that KEAP1 regulates proteasomal degradation of NRF2 through Cul3-dependent ubiquitin ligase complex (30) . KEAP1 knockdown stabilizes NRF2, which results in robust induction of NRF2-dependent antioxidant defenses and confers resistance to oxidative stress (17, 48) . In the present study, we also observed that KEAP1 knockdown by siRNA or disruption of the KEAP1-NRF2 complex by sulforaphane restored NRF2-mediated transcriptional activity in DJ-1 knockout cells. These results indicate that DJ-1 stabilizes NRF2 protein, probably by promoting NRF2 disassociation from KEAP1 and thus escaping proteasomal degradation during oxidative stress (Figure 8 ). Taken together, our results provide a proof-ofprinciple for targeting KEAP1 to activate the NRF2 pathway in patients with advanced COPD.
Clinical trials directed toward enhancing lung antioxidants using NAC and other direct antioxidant molecules, such as vitamin E, showed modest or no effect on FEV 1 decline (49) (50) (51) . This failure may be attributed to the fact that a single antioxidant molecule may not be efficacious in affording protection against the plethora of oxidants present in cigarette smoke. On the other hand, a novel strategy based on targeting NRF2, which up-regulates a wide range of cytoprotective genes including antioxidants and xenobiotic detoxification enzymes, may be a more efficient COPD therapy. Activation of the NRF2 pathway not only reduces cigarette smoke-induced oxidative stress but has also been shown to protect from lung neutrophilia and fibrosis in response to endotoxin and bleomycin, respectively (52, 53) . Furthermore, enhancing the NRF2 pathway may help in decreasing corticosteroid resistance induced by oxidative stress in patients with COPD.
In summary, our study demonstrates a significant decline in the NRF2 antioxidant defense pathway in COPD lungs. It also provides evidence for using pharmacologic activators of the NRF2 pathway, such as sulforaphane, as possible strategies aimed at enhancing NRF2 antioxidant defenses in patients with COPD. However, a large number of smokers develop both COPD and lung cancer. Recent reports reveal constitutive activation of NRF2 due to loss of KEAP1 in lung cancer cells may provide a growth advantage (17, 54) . Therefore, the use of treatment modalities targeting the NRF2 pathway in patients with COPD and lung cancer necessitates caution. Nonetheless, controlled restoration of NRF2 antioxidant defenses together with existing therapies, such as smoking cessation and use of antiinflammatory agents, may greatly help in attenuating COPD progression as well as in preventing disease exacerbations.
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